Yamada. Chronic exposure to ␤-hydroxybutyrate inhibits glucoseinduced insulin release from pancreatic islets by decreasing NADH contents. Am J Physiol Endocrinol Metab 288: E372-E380, 2005. First published October 12, 2004 doi:10.1152/ajpendo.00157.2004.-To investigate the effects of chronic exposure to ketone bodies on glucose-induced insulin secretion, we evaluated insulin release, intracellular Ca 2ϩ and metabolism, and Ca 2ϩ efficacy of the exocytotic system in rat pancreatic islets. Fifteen-hour exposure to 5 mM D-␤-hydroxybutyrate (HB) reduced high glucose-induced insulin secretion and augmented basal insulin secretion. Augmentation of basal release was derived from promoting the Ca 2ϩ -independent and ATP-independent component of insulin release, which was suppressed by the GDP analog. Chronic exposure to HB affected mostly the second phase of glucose-induced biphasic secretion. Dynamic experiments showed that insulin release and NAD(P)H fluorescence were lower, although the intracellular Ca 2ϩ concentration ([Ca 2ϩ ]i) was not affected 10 min after exposure to high glucose. Additionally, [Ca 2ϩ ]i efficacy in exocytotic system at clamped concentrations of ATP was not affected. NADH content, ATP content, and ATP-to-ADP ratio in the HB-cultured islets in the presence of high glucose were lower, whereas glucose utilization and oxidation were not affected. Mitochondrial ATP production shows that the respiratory chain downstream of complex II is not affected by chronic exposure to HB, and that the decrease in ATP production is due to decreased NADH content in the mitochondrial matrix. Chronic exposure to HB suppresses glucose-induced insulin secretion by lowering the ATP level, at least partly by inhibiting ATP production by reducing the supply of NADH to the respiratory chain. Glucose-induced insulin release in the presence of aminooxyacetate was not reduced, which implies that chronic exposure to HB affects the malate/aspartate shuttle and thus reduces NADH supply to mitochondria. islet; reduced nicotinamide adenine dinucleotide; adenosine 5Ј-triphosphate
KETONE BODIES ARE PRODUCED IN THE LIVER and are used peripherally as an energy source when glucose is not readily available. Ketosis is seen in various physiological conditions such as fasting, prolonged exercise, and high-fat diet. Hyperketonemia is also caused by absolute or relative insulin deficiency in type 1 diabetic patients or type 2 diabetic patients, respectively (18) .
The importance of insulin in control of ketone body production in the liver is well established (18) . The function of these substrates in regulating insulin output from pancreatic ␤-cells is less well understood. In short-term exposure of Ͻ60 min, ketone bodies such as D-␤-hydroxybutyrate (HB) are oxidized by islet cells and enhance insulin secretion in the presence of stimulatory levels of glucose (4, 10, 15, 28, 29, 31) . However, little is known of the effect of prolonged exposure to ketone bodies on pancreatic ␤-cells and insulin secretion. Zhou et al. (47) have reported that 48-h exposure to HB reduces high glucose-induced insulin secretion from human pancreatic islets without affecting pyruvate dehydrogenase (PDH) activity or PDH kinase activity, although the mechanism of the inhibitory effect is unclear.
The mechanism of glucose-stimulated insulin release from pancreatic ␤-cells is well documented. Glucose entry into the ␤-cells accelerates glycolysis and glucose oxidation to increase the ATP content and ATP-to-ADP ratio, which closes the ATP-sensitive K ϩ (K ATP ) channels. The decrease in K ϩ conductance depolarizes the membrane and opens the voltagedependent Ca 2ϩ channels (VDCC). Increased Ca 2ϩ influx through VDCCs increases the intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) to a level that triggers exocytosis of the insulin granules (13) . It has been shown that glucose can also promote insulin release K ATP channel independently by increasing Ca 2ϩ efficacy in stimulation-secretion coupling, which may be due at least in part to the direct effect of increased ATP derived from glucose metabolism on exocytosis (1, 13) . The effect of chronic exposure to ketone bodies in this mechanism is not known, however.
In the present study, insulin release, intracellular Ca 2ϩ and metabolism, and the efficacy of Ca 2ϩ in the exocytotic system were investigated in HB-exposed islets.
MATERIALS AND METHODS
Materials. NADH, ADP, 2-amino-2-methyl-1-propanol, oxaloacetate, RPMI 1640 medium, alcohol dehydrogenase, aspartate transaminase, malate dehydrogenase, GDP␤S, diadenosine pentaphosphate (DAPP), antimycin A, L-␤-hydroxybutyrate, lithium acetoacetate, aminooxyacetate, and potassium aspartate were obtained from Sigma Chemicals (St. Louis, MO). Fura PE-3 AM was obtained from Calbiochem (La Jolla, CA). Succinate and HB were purchased from Aldrich (Steimheim, Germany). D-Hydroxybutyrate dehydrogenase was obtained from Toyobo (Osaka, Japan).
3 H2O, H]glucose, and [U- 14 C]glucose were obtained from Amersham (Buckinghamshire, UK). All other reagents are of analytic grade and were obtained from Nacalai Tesque (Kyoto, Japan). Sodium acetoacetate was prepared and incubated for over 16 h at 20°C, from ethyl acetoacetate and NaOH (each 1 M), followed by three successive washes with diethyl ether to remove residual ethyl acetoacetate and ethanol formed by hydrolysis as previously described (29) . The solution was then flushed with N 2 for 60 min and stored at Ϫ80°C.
Acetoacetate determination. Acetoacetate was determined as previously described (12) . Briefly, the reaction mixture containing 50 l of sample, 120 mM triethanolamine (pH 7.0), 375 M NADH, 1 unit/ml D-hydroxybutyrate dehydrogenase, and 1.25 mg/ml oxamic acid in a total volume of 400 l was incubated for 15 min at 37°C. The reaction was stopped by heating the mixture at 100°C for 2 min. The concentration was determined by measuring the decrease in absorbance at 340 nm using lithium acetoacetate as standard.
Animals. Male Wistar rats were obtained from Shimizu (Kyoto, Japan). The animals were fed standard lab chow ad libitum and allowed free access to water in an air-conditioned room with a 12:12-h light-dark cycle until used in the experiments. All experiments were carried out with rats aged 8 -12 wk. The animals were maintained and used in accordance with the Guidelines for Animal Experiments of Kyoto University.
Islet isolation and culture. Islets of Langerhans were isolated from Wistar rats by collagenase digestion as described previously (6) . Islets were cultured for 15 h in RPMI 1640 medium (containing 10% fetal calf serum, 100 IU/ml penicillin, 100 g/ml streptomycin, and 8.3 mM glucose) with or without ␤-hydroxybutyrate and acetoacetate at 37°C in humidified air containing 5% CO 2. Measurement of insulin release from intact islets. Insulin release from intact islets was monitored by use of static incubation and perifusion conditions, as described previously (6), with Krebs-Ringer bicarbonate buffer (KRBB) supplemented with 0.2% BSA and 10 mM HEPES adjusted to pH 7.4 (KRBB medium). For static incubation experiments, cultured islets were preincubated at 37°C for 30 min with 2.8 mM glucose. Groups of five islets were then batch incubated for 30 min in 0.7 ml of KRBB medium with 2.8 and 16.7 mM glucose. At the end of the incubation period, islets were pelleted by centrifugation (15,000 g, 180 s), and aliquots of the buffer were sampled.
For perifusion experiments, groups of 20 cultured islets were placed in each of the parallel chambers (400 l each) of a perifusion apparatus and perifused with KRBB medium at a rate of 0.7 ml/min at 37°C. The medium was continuously gassed with 95% O2-5% CO2. Islets were perifused for 30 min to establish a stable insulin secretory rate at the basal level of glucose, and the glucose concentration was then raised to 16.7 mM.
The amount of immunoreactive insulin was determined by RIA, using rat insulin as standard (6) . Insulin contents and DNA contents of islets were measured as previously described (8) .
Measurement of [Ca 2ϩ ]i and reduced pyridine nucleotide fluorescence. For [Ca 2ϩ ]i measurement, cultured islets were loaded with fura PE-3 as previously described (7) . The islets were immediately placed in a heat-controlled chamber on the stage of an inverted microscope kept at 36 Ϯ 1°C, superfused with KRBB medium containing 2.8 mM glucose for 30 min, and subsequently exposed to the medium containing a high concentration of glucose. These islets were excited successively at 340 and 380 nm, and the fluorescence emitted at 510 nm was captured by a charge-coupled device (CCD) camera (Micro Max 5-MHz System; Roper Industries, Trenton, NJ). The 340-nm (F340) and 380-nm (F380) fluorescence signals were detected every 20 s, and the ratios (F340/F380) were calculated. In vitro calibration was performed as previously described (7) . For reduced pyridine nucleotide [NAD(P)H] measurement, the islets without dye were excited successively at 360 nm, and the fluorescence emitted at 470 nm was captured every 20 s (9) by the CCD camera described above. Changes in NAD(P)H fluorescence signal were expressed as percent control values by dividing the signal at a given time by the average signal at 2.8 mM glucose during the last 1 min before stimulation.
Images of [Ca 2ϩ ]i and NAD(P)H were analyzed with the Meta Fluor image analyzing system (Universal Imaging, West Chester, PA).
Measurement of insulin release from permeabilized islets. Insulin release from permeabilized islets was determined as previously described (6). After preincubation with 2.8 mM glucose for 30 min, cultured islets were washed twice in cold potassium aspartate buffer (KA buffer) containing 140 mM potassium aspartate, 7 mM MgSO 4, 2.5 mM EGTA, 30 mM HEPES, and 0.5% BSA (pH 7.0), with CaCl 2 added to a Ca 2ϩ concentration of 30 nM. The islets were permeabilized by high-voltage discharge in KA buffer and washed once with the same buffer. Groups of five electrically permeabilized islets were batch incubated for 30 min at 37°C in 0.4 ml of KA buffer with various concentrations of Ca 2ϩ and ATP. At the end of the incubation period, permeabilized islets were pelleted by centrifugation (15,000 g, 180 s), and aliquots of the buffer were sampled for immunoreactive insulin determination.
Measurement of adenine nucleotide contents. After groups of cultured intact islets were preincubated at 2.8 mM glucose for 30 min, groups of 15 islets were batch incubated in 0.5 ml of KRBB medium containing 2.8 or 16.7 mM glucose at 37°C for 30 min. Incubation was stopped by the addition of 0.1 ml of 2 M HClO 4. The tubes were immediately mixed with vortex and sonicated in ice-cold water for 3 min. They were then centrifuged (3,000 g, 3 min), and a fraction (0.4 ml) of the supernatant was mixed with 100 l of 2 M HEPES and 100 l of 1 M Na 2CO3. ATP and ADP were assayed by a luminometric method as previously described (8) . For measurement of the sum of ATP ϩ ADP, ADP was first converted into ATP by adding 210 l of solution containing 20 mM HEPES (pH 7.75), 3 mM MgCl 2, 1.5 mM phosphoenolpyruvate, and 2.2 U/ml pyruvate kinase to 70 l of extracts, with incubation at 37°C for 30 min. The ATP concentration in solutions was measured by adding 200 l of luciferin-luciferase solution (Turner Designs, Sunnyvale, CA) to a fraction of sample (100 l) in a bioluminometer (Luminometer model 20e, Turner Designs). For measurement of ATP, the same procedure was performed except that the incubation step was done without pyruvate kinase. The ADP concentration was calculated as the difference between the value of ATP ϩ ADP and ATP from the same sample. To draw a standard curve and to ascertain that the conversion of ADP into ATP was complete, blanks and ADP and ATP standards were run through the entire procedure, including the extraction steps.
Measurement of NADH contents. NADH contents were assayed with an enzymatic cycling system for NADH amplification (17, 45) . After preincubation at 2.8 mM glucose, batches of 20 cultured islets were incubated in 50 l of KRBB medium containing 2.8 or 16.7 mM glucose. After incubation at 37°C for 30 min, 20 l of solution containing 40 mM NaOH and 0.5 mM cysteine were added to each tube. The tubes were immediately mixed with vortex and sonicated in the ice-cold water for 3 min. They were then centrifuged (3,000 g, 3 min), and a fraction (30 l) of the supernatant was incubated for 20 min at 60°C to destroy any remaining NAD. For the first step in NADH amplification, the reaction mixture containing 30 l of extract, 100 mM HEPES-NaOH buffer (pH 7.5), 1 mM dithiothreitol, 0.2 mg/ml BSA, 280 mM ethanol, 2 mM oxaloacetate, 16 U/ml alcohol dehydrogenase, and 4 U/ml malate dehydrogenase in a total volume of 100 l was incubated for 30 min at 30°C. The reaction was stopped by heating the mixture at 100°C for 2 min. In the second step, malate formed in the first step was assayed by incubating 100 l of sample solution in 50 mM 2-amino-2-methyl-1-propanol-HCl buffer (pH 9.9) containing 0.18 mM NAD, 0.1 mg/ml BSA, 9 mM glutamate, 0.8 unit/ml malate dehydrogenase, and 1 U/ml aspartate transaminase in a total volume of 600 l for 30 min at 30°C. The NADH formed was measured by fluorometry (Shimazu RF-5000, Kyoto, Japan) at a 340-nm excitation and a 450-nm emission. To draw a standard curve, blanks and NADH standards were run through the entire procedure.
Measurement of mitochondrial ATP production. Mitochondrial suspension from cultured islets was prepared by repeated centrifugation, as previously described (14, 16, 19) . First, isolated islets were homogenized in solution A consisting of (in mM) 50 HEPES, 100 KCl, 1.8 ATP, 1 EGTA, and 2 MgCl2 and 0.5 mg/ml BSA (electrophoretically homogeneous; pH 7.00 at 37°C with KOH). After precipitation of cell debris and nuclei by centrifugation, the supernatant was centrifuged more rapidly (10,000 g) to obtain a pellet containing the mitochondrial fraction. The precipitation diluted by 200 l of solution A was centrifuged again and rinsed three times in solution consisting of (in mM) 20 HEPES, 3 KH 2PO4, 1 EGTA, 12 sodium gluconate, 0.3 MgCl2, 148 potassium gluconate, and 4 carnitine and 0.5 mg/ml BSA (electrophoretically homogeneous), adjusted to pH 7.10 with KOH (solution B). The mitochondrial fraction in 500 l of solution B was kept on ice until use. To measure ATP production by oxidative phosphorylation, the reaction was started by adding 5 l of mitochondrial suspension to 495 l of prewarmed solution B (37°C) supplemented with the mitochondrial substrates, 50 M ADP, and 1 M DAPP adjusted to pH 7.10. DAPP is a specific inhibitor of adenylate kinase used to measure ATP production by oxidative phosphorylation exclusively. To normalize the mass of the intact mitochondria obtained, ATP production by adenylate kinase, one of the mitochondrial intermembrane kinases, was measured in the presence of ADP but without mitochondrial substrates or DAPP in parallel incubations (19 -21) . Reaction was stopped by addition of 0.5 M antimycin A. The samples were cooled to room temperature, and ATP concentration in the solutions was measured by adding luciferinluciferase solution to each sample with a bioluminometer. ATP production was determined as the ratio of ATP production by oxidative phosphorylation to that by adenylate kinase. To draw a standard curve, blank and ATP standards were added to parallel samples containing the complete incubation mixture except the mitochondrial suspension.
Measurement of glucose utilization and oxidation. Glucose utilization and oxidation were measured, using the previously described method (3) with a slight modification. Cultured islets were preincubated in KRBB medium with 2.8 mM glucose at 37°C for 30 min. For utilization, batches of 30 islets for each condition were incubated at 37°C for 90 min in 150 l of medium containing 1.5 Ci of [5- 3 H]glucose. Aliquots of the incubation medium (100 l) and 20 l of 1 M HCl were transferred to small tubes and placed into a glass vial containing 0.5 ml of H 2O. The capped vials were incubated overnight at 34°C to vaporize 3 H2O from the solution. The inner tube was then lifted out, and the disintegrations per minute of water-melting 3 H2O in the vial were counted. In a parallel incubation, the recovery ratio of 3 H2O was measured with 3 H2O. After subtraction of blank disintegrations per minute from sample disintegrations per minute, glucose utilization was calculated with the disintegrations per minute, specific radioactivity of [5- 3 H]glucose, and recovery ratio of 3 H2O. For oxidation, all procedures were the same as for utilization except the use of [U- 14 C]glucose (0.5 Ci/tube) and 0.5 ml of hydroxide of hyamine 10-X (Packard, Meriden, CT) in place of [5- 3 H]glucose and 0.5 ml of H2O, respectively. After subtraction of blank disintegrations per minute from sample disintegrations per minute, glucose oxidation was calculated using the disintegrations per minute and specific radioactivity of [U- 14 bottom) . The DNA contents and insulin contents of islets cultured with 5 mM HB for 15 h were similar to controls (DNA contents: HB 26.6 Ϯ 1.9 vs. control 27.1 Ϯ 1.8 ng/islet, n ϭ 30, not significant; insulin contents: HB 34.3 Ϯ 1.9 vs. control 30.6 Ϯ 1.4 ng/islet, n ϭ 30, not significant).
In perifusion experiments, insulin release from HB-cultured islets in the presence of 2.8 mM glucose for 5 min before high-glucose exposure was increased compared with control islets (Fig. 1A, inset ; mean value from Ϫ5 to 0 min: HB 0.21 Ϯ 0.01 vs. control 0.16 Ϯ 0.01 ng⅐20 islets Ϫ1 ⅐min Ϫ1 , n ϭ 6, P Ͻ 0.01). Insulin release began to elevate ϳ1 min after exposure to high glucose in both groups of islets (Fig. 1A) . Insulin release from HB-cultured islets 1-10 min after 16.7 mM glucose exposure was similar to that from control islets. Insulin release from HB-cultured islets for the second and third 10-min period after high-glucose exposure was less than from control islets ( Fig. 1B ; mean value from 20 to 30 min: HB 1.93 Ϯ 0.14 vs. control 2.66 Ϯ 0.07 ng⅐20 islets Ϫ1 ⅐min
Ϫ1
, n ϭ 6, P Ͻ 0.01). Effect of chronic exposure to acetoacetate on glucose-induced insulin release from intact islets. Because acetoacetate (AcA) is spontaneously decarboxylated to acetone, a decline in the concentration of AcA in the medium may occur during the culture period. As expected, decreases in the concentrations of AcA were observed in the medium; however, Ͼ65% AcA remained in the medium at the end of the 15-h culture period (Table 2 ). Exposure to AcA (initial concentration 2-10 mM) for 15 h did not affect 16.7 mM glucose-induced insulin release. However, chronic exposure to high concentrations of AcA (initial concentration 10 mM) augmented basal insulin release ( Table 2) . Figure 2A shows [Ca 2ϩ ] i elevation induced by a high concentration of glucose in control and HB-cultured islets. In the presence of 2.8 mM glucose for 5 min before exposure to high glucose, [Ca 2ϩ ] i of HB-cultured islets was higher than in control islets (average from Ϫ5 to 0 min: HB 134.8 Ϯ 10.4, n ϭ 17, vs. control 86.7 Ϯ 7.6 nM, n ϭ 13, P Ͻ 0.01). However, [Ca 2ϩ ] i of HB-cultured islets at 1-10 min and for the second and third 10-min period after exposure to high glucose was similar to that of controls (Fig. 2B) .
Insulin release from electrically permeabilized islets. In the presence of 5 mM ATP, raising the Ca 2ϩ concentration from 30 nM to 3 M elicited a concentration-dependent increase in insulin release from both electrically permeabilized control and HB-cultured islets. In the presence of 5 mM ATP, insulin release at 30 nM, 100 nM, 1 M, and 3 M Ca 2ϩ was greater in HB-cultured islets than in control islets (Fig. 3A) . Augmentation of insulin release at 30 nM Ca 2ϩ in HB-cultured islets also was found in the absence of ATP, indicating an effect of the ATP-independent and Ca 2ϩ -independent component of insulin release (6) (Fig. 3B) . When the increment of insulin release in the presence of 30 nM Ca 2ϩ , which is due to chronic exposure to HB, was subtracted from the insulin release from HB-cultured islets to evaluate Ca 2ϩ -dependent components of insulin release (7) , the values at 100 nM, 1 M, and 3 M were found to be similar to the values from control islets (Fig. 3A) . Insulin release without ATP at 30 nM Ca 2ϩ from control islets was not affected by 500 M GDP␤S, a stable GDP analog, although that from HB-cultured islets was significantly suppressed by the analog (Fig. 3B) .
Time course of NAD(P)H fluorescence in intact islets. NAD(P)H fluorescence began to elevate immediately after exposure to high glucose in both groups of islets and reached plateau within 5 min after exposure (Fig. 4) . Attenuation of NAD(P)H fluorescence was observed from 2 min in HBcultured islets (at 2 min: HB 1.16 Ϯ 0.01, n ϭ 15, vs. control 1.38 Ϯ 0.03 arbitrary units, n ϭ 12, P Ͻ 0.01). The average of fluorescence during the first, second, and third 10-min period was lower in HB-cultured islets than in control islets (from 0 to 10 min: HB 1.23 Ϯ 0.01, n ϭ 15, vs. control 1.50 Ϯ 0.03, n ϭ 12, P Ͻ 0.01; from 10 to 20 min: HB 1.32 Ϯ 0.02, n ϭ 15, vs. control 1.68 Ϯ 0.04, n ϭ 12, P Ͻ 0.01; from 20 to 30 min: HB 1.31 Ϯ 0.03, n ϭ 15, vs. control 1.68 Ϯ 0.04 arbitrary units, n ϭ 12, P Ͻ 0.01).
Reduced pyridine nucleotide contents and adenine nucleotide contents. NADH contents in the presence of 16.7 mM were greater than in the presence of 2.8 mM glucose in both control and HB-cultured islets. NADH contents of HB-cultured islets in the presence of 2.8 mM glucose and in the presence of 16.7 mM glucose were more and less than control islets, respectively (Table 3 , top). The ATP contents and the ATP-to-ADP ratio in the presence of 16.7 mM were greater than in the presence of 2.8 mM glucose in both control and HB-cultured islets. The ATP contents and ATP-to-ADP ratio of HB-cul- Values are means Ϯ SE of 15 determinations from 3 experiments. Effect of chronic exposure to various concentrations of acetoacetate on insulin release. Intact islets were cultured under the conditions indicated for 15 h. Initial concentration of acetoacetate in the medium is indicated. At the end of the culture period, acetoacetate concentrations in the medium were determined. After cultured islets were preincubated with 2.8 mM glucose for 30 min, insulin release in the presence of 2.8 and 16.7 mM glucose for 30 min was determined. *P Ͻ 0.01 vs. corresponding control (cultured without acetoacetate). tured islets in the presence of 16.7 mM glucose were less than in control islets (Table 3 , bottom).
ATP production by mitochondria from islets. ATP production by mitochondria from control and HB-cultured islets in the presence of various substrates and inhibitors is shown in Table  4 . ATP production by mitochondria from HB-cultured islets in the presence of succinate was decreased compared with that from control islets. Antimycin A, a complex III inhibitor in the respiratory chain, inhibited ATP production dramatically in the presence of succinate in both control and HB-cultured islets. Rotenone, a complex I inhibitor in the respiratory chain, also inhibited ATP production in the presence of succinate in both control and HB-cultured islets. However, in the presence of succinate and rotenone, no significant difference in ATP production was observed in control and HB-cultured islets. Mitochondrial ATP production of HB-cultured islets was similar to that of control islets in the presence of tetramethyl-p-phenyldiamine and ascorbate.
Glucose utilization and glucose oxidation. Glucose utilization and glucose oxidation in the presence of 16.7 mM glucose were greater than in the presence of 2.8 mM glucose in both control and HB-cultured islets. Glucose utilization and glucose oxidation of HB-cultured islets in the presence of 2.8 mM glucose were greater than in control islets. However, glucose utilization and glucose oxidation of HB-cultured islets in the presence of 16.7 mM glucose were not different from those of control islets (Table 5) .
Insulin release in the presence of aminooxyacetate. Glucose (16.7 mM)-induced insulin release from HB-cultured islets was reduced compared with that from control islets (HB 2.22 Ϯ 0.08 vs. control 2.89 Ϯ 0.16 ng⅐islet Ϫ1 ⅐30 min Ϫ1 , n ϭ 7, P Ͻ 0.01). Aminooxyacetate (AOA), an aspartate aminotransferase inhibitor, reduced 16.7 mM glucose-induced insulin release from both control and HB-cultured islets. However, in the presence of AOA, 16.7 mM glucose-induced insulin release from HB-cultured islets was not different from that of control islets (HB 1.98 Ϯ 0.06 vs. control 1.91 Ϯ 0.07 ng⅐ islet Ϫ1 ⅐30 min Ϫ1 , n ϭ 7, not significant; Fig. 5 ).
DISCUSSION
We find that chronic exposure to HB reduces high glucoseinduced insulin secretion and augments basal insulin secretion from pancreatic islets. Insulin secretion is reduced by diminished ATP, which is at least partly due to lower ATP production resulting from the reduced supply of NADH to the respiratory chain. Basal insulin secretion is increased due to augmentation of the Ca 2ϩ -independent and ATP-independent component of insulin release, in which a GTP-sensitive site may play a role.
In the present study, chronic exposure to Ͼ2 mM HB affected insulin secretion, this concentration of HB augmenting glucose-induced insulin acutely in vitro (4, 10, 15, 28, 29, 31) and being frequently observed in serum in various pathophysiological states (18) . Acute exposure to the L-isomer was ineffective on insulin release, presumably due to no capacity to oxidize the isomer in islets (4, 28) . To exclude nonspecific effects of HB, the chronic effect of the L-isomer was also examined. Because the L-isomer did not affect insulin release, the effect of the D-isomer is presumably linked to its metabolism. Moreover, chronic exposure to AcA, another ketone body, did not affect glucose-induced insulin release. HB is oxidized to AcA by D-␤-hydroxybutyrate dehydrogenase, a mitochondrial enzyme, also present in islets (28) , producing NADH in mitochondria. Accordingly, alteration of mitochondrial redox potential during culture may be involved in reduced glucose-induced insulin release from HB-cultured islets. Interestingly, acute exposure to exogenous HB or AcA increases or decreases [6] [7] [8] [9] [10] [11] [12] [13] [14] C]glucose oxidation (28) , respectively, which is strongly affected by anaplerosis (41) . Anaplerosis plays an important role in determination of the cytosolic level of metabolic factors, including malonyl-CoA (5), NADPH (24) , and nonessential amino acids (41) in pancreatic ␤-cells. The chronic effects of these factors should be taken into account when considering reduced glucose-induced insulin release by HB.
In pancreatic ␤-cells, intracellular Ca 2ϩ and ATP are the most important regulators of insulin secretion, although there may be other independent metabolic signals (2, (25) (26) (27) 34) . Ca 2ϩ and ATP directly affect the exocytotic system and enhance insulin release synergistically in experiments using single ␤-cells (37, 43) and permeabilized islets (7) . In the present study, we have compared [Ca 2ϩ ] i , intracellular ATP, and ) of 7 (glucose utilization) and 9 (glucose oxidation) determinations from several experiments. Islets were cultured with or without 5 mM HB for 15 h. After cultured intact islets were preincubated with 2.8 mM glucose for 30 min, they were incubated with 2.8 and 16.7 mM glucose for 90 min. *P Ͻ 0.01 vs. corresponding control incubated with 2.8 mM glucose. †P Ͻ 0.01 vs. corresponding control cultured without HB.
[Ca 2ϩ ] i efficacy in the exocytotic system at clamped concentrations of ATP in control and HB-exposed islets.
Chronic exposure to HB decreases insulin release by 16.7 mM glucose during a short period around the peak in the first phase and mostly during the second phase of biphasic secretion, 10 min after exposure. [Ca 2ϩ ] i in the presence of 16.7 mM glucose in HB-cultured islets was similar to that in control islets during the second phase. Moreover, insulin release in the presence of diazoxide, high glucose, and a depolarizing concentration of K ϩ , in which [Ca 2ϩ ] i is clamped independently of glucose metabolism (10) , is also reduced by chronic exposure to HB. Apparently, [Ca 2ϩ ] i does not play a role in the lower response to high glucose in HB-cultured islets. In addition, Ca 2ϩ efficacy at clamped concentration of ATP in the exocytotic system was similar in the two groups of islets. On the other hand, NAD(P)H fluorescence was less in the HB-cultured islets in the presence of high glucose. Moreover, both ATP contents and ATP-to-ADP ratio of HB-cultured islets 30 min after exposure to high glucose were reduced compared with control islets. Decreased intracellular ATP reduces Ca 2ϩ efficacy in the exocytotic system (7, 37, 43) . Therefore, the lower ATP level due to the reduced redox state may play a major role in the attenuation of insulin secretion from HB-cultured islets in response to high glucose. NAD(P)H autofluorescence dominantly reflects the redox state of mitochondria (32) and is widely used as an index of the intracellular redox state in intact islets (9, 33, 36) . However, the method cannot discriminate between NADH and NADPH signals. Therefore, NADH, the supply of which accelerates mitochondrial oxidative phosphorylation, was determined using the enzymatic method. NADH contents of HB-cultured islets were lower in the presence of high glucose, partly accounting for the decreased ATP level in these islets.
To determine whether oxidative phosphorylation in the mitochondrial respiratory chain is suppressed in HB-cultured islets, mitochondrial ATP production was examined in the presence of various substrates and inhibitors. In the presence of succinate, which directly renders electrons to complex II (39) , ATP production in HB-cultured islets is less than in controls. The fact that ATP production in both groups of islets in the presence of succinate is partially inhibited by rotenone, a complex I inhibitor (39) , indicates that increased NADH derived from succinate also renders electrons to complex I and that electrons from complex I, in addition to electrons from complex II, augment oxidative phosphorylation in the presence of succinate. Tetramethyl-p-phenyldiamine with ascorbate renders electrons to cytochrome C, which transfers electrons to complex IV (39) . The fact that ATP production in the presence of succinate and rotenone and in the presence of tetramethylp-phenyldiamine and ascorbate is similar in the two groups of islets indicates that the respiratory chain downstream of complex II is not affected by chronic exposure to HB. Accordingly, the decrease in ATP production in the presence of succinate may be due to decreased NADH content in the matrix of mitochondria derived from succinate.
NADH in the matrix of mitochondria is produced in a reaction catalyzed by isocitrate dehydrogenase, ␣-ketoglutarate dehydrogenase, and malate dehydrogenase in the TCA cycle, and by PDH (23, 38) . Malate dehydrogenase also participates in the malate/aspartate shuttle, which carries NADH produced in cytosol to the matrix of mitochondria (22, 40) . PDH activity is not affected by chronic exposure to HB in human islets (47) . The fact that glucose utilization and glucose oxidation were not affected indicates that isocitrate dehydrogenase, ␣-ketoglutarate dehydrogenase, and PDH, which catalyze reactions accompanying production of NADH and CO 2 , were not affected by chronic exposure to HB. Malate dehydrogenase catalyzes reactions that produce NADH without production of CO 2 that are involved in both the TCA cycle and malate/aspartate shuttle. AOA (5 mM) reduced glucose-induced insulin release from rat islets without affecting glucose oxidation, because AOA does not affect the TCA cycle and inhibits the malate/ aspartate shuttle by blocking transamination reactions (30) . Glucose-induced insulin release in the presence of AOA was not reduced by chronic exposure to HB, suggesting that chronic exposure to HB affects the malate/aspartate shuttle.
With the use of electrically permeabilized islets incubated at low Ca 2ϩ without ATP, it was revealed that augmentation of basal insulin release from HB-cultured islets does not necessarily require elevation of [Ca 2ϩ ] i , although [Ca 2ϩ ] i was higher in HB-cultured islets in the presence of basal levels of glucose than in control islets. This augmentation is not due to nonspecific leakage of insulin and to slow washout of insulin, since it was suppressed by the GDP analog, which is also compatible with the fact that GTP augments insulin release in the exocytotic process directly and Ca 2ϩ independently (35) . Postprandial insulin release is inhibited in vivo in the starved state (11, 42, 46) and in type 2 diabetic patients with ketosis (44) . Although the present results suggest suppressed insulin release in such pathophysiological conditions, these results may well not be found in vivo, as elevation of basal insulin secretion is not observed in the fasting state. 
